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(54) ZnO crystal growth method, ZnO crystal structure, and semiconductor device using ZnO 
crystal 

(57) A ZnO crystal growing method having the steps 
of: growing a low temperature growth ZnO layer on a 
sapphire substrate at a temperature lower than a single 
crystal ZnO growth temperature; thermally processing 
the low temperature growth ZnO layer at a temperature 
near to a growth temperature of a high temperature 
growth single crystal ZnO layer higher than the growth 
temperature of the low temperature growth ZnO layer; 
and growing a high temperature growth single crystal 
ZnO layer on the low temperature growth ZnO layer at a 
temperature higher than the growth temperature of the 
low temperature growth ZnO layer. ZnO crystal of good 
quality with a reduced number of crystal defects can be 
grown on a sapphire substrate. 
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Description 

[0001J This application is based on Japanese Pat- 
ent Application HEI 11-245220, filed on August 31, 
1999, the entire contents of which are incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

a) Field of the Invention 

[0002] The present invention relates to ZnO crystal, 
its growth method, and semiconductor device using 
ZnO crystals. 

b) Description of the Related Art 

[0003] ZnO can be grown directly on a sapphire 
substrate by using, for example, RS-MBE (radical 
source - molecular beam epitaxy). As a Zn source, a Zn 
solid source in K cell (Knudsen cell) is used. As an O 
source, oxygen radicals are used which are generated 
from an oxygen gas source by using RF (radio fre- 
quency), ECR (electron cyclotron resonance) or the 
like. 

[0004] RF-MBE uses a high frequency of 13.56 
MHz most popularly used in commercial systems. O 
radicals are generated by introducing 0 2 source gas 
into an electrodeless discharge tube in an MBE cham- 
ber. O radicals are jetted out into the MBE chamber, 
forming a O radical beam. A ZnO thin film can be grown 
by radiating an O radical beam and a Zn beam from a K 
ceil to a sapphire substrate at the same time. 
[0005] Semiconductor devices such as LED (light 
emitting diodes) and LD (laser diodes) having a p-n 
junction can be manufactured by using ZnO which is 
one of group ll-V compound semiconductor. 
[0006] Crystallinity of semiconductor crystal mate- 
rial of semiconductor devices such as LED and LD 
greatly influences the electric characteristics, optical 
characteristics and reliability (life time) of semiconduc- 
tor devices. The better the crystallinity of semiconductor 
crystal material of a semiconductor device, the better 
the electric characteristics, optical characteristics and 
reliability of semiconductor devices. 
[0007] Conventional ZnO crystal grown directly on 
a sapphire substrate by RS-MBE is associated with the 
following problems. A difference of lattice constant 
between a sapphire substrate and ZnO (a lattice con- 
stant mismatch is about 18 %) large. A large difference 
of thermal expansion coefficient therebetween is also 
as large as about 2.6 times. 

[0008] Many crystal defects are introduced into 
grown ZnO crystal. 

[0009] Fig. 7 shows XRC (X-ray rocking curve) 
measurement results of ZnO (0002) crystals directly 
grown on a sapphire (0001) substrate. ZnO crystal was 
grown by RS-MBE under the conditions of a growth 




temperature Tg of 650 °C, a Zn partial pressure of 1 
x 1 0* 7 Torr, an oxygen flow rate 0 2 of 2 seem, and an RF 
output of 300 W. 

[0010] A curve of approximately normal distribution 
5 having a peak intensity at an omega angle of near 1 7. 5 
degrees was observed as seen from XRC measure- 
ment results. A full width at half maximum (FWHM) was 
as large as 0.5° (1800 arcsec). It was found from the 
measurement results shown in Fig. 7 that the crystallin- 
10 ity of ZnO crystal grown under the above-described 
conditions was not good. 

[0011] Fig. 8 shows PL (photo luminescence) 
measurement results of ZnO crystal grown under the 
above-described conditions. The abscissa represents 

15 an energy of PL output light. A sharp peak with a high 
intensity and always with a narrow FWHM was 
observed at an energy of near 3.35 eV. The peak 
energy value of PL is generally coincident with a forbid- 
den band (3.3 eV) of ZnO. This can be considered as a 

20 radiation peak to be caused by recombination of elec- 
trons and holes between the conductive band and 
valence band. 

[0012] A broad peak was also observed in an 
energy range from about 1 .8 eV to about 2.7 eV. This 
25 broad peak can be considered as radiation between 
deep levels existing in the forbidden band. This sug- 
gests that ZnO crystal has many crystal defects. 

SUMMARY OF THE INVENTION 

30 

[0013] It is an object of the present invention to pro- 
vide a crystal growth method capable of growing good 
ZnO crystal on a sapphire substrate while reducing 
crystal detects in ZnO crystal. 

35 [001 4] It is another object of the present invention to 
provide ZnO crystal to be grown on a sapphire sub- 
strate, and a semiconductor device using ZnO crystal. 
[0015] According to one aspect of the present 
invention, there is provided a ZnO crystal growing 

40 method comprising the steps of: growing a low temper- 
ature growth ZnO layer on a sapphire substrate at a 
temperature lower than a single crystal ZnO growth 
temperature; thermally processing the low temperature 
growth ZnO layer at a temperature near to a growth tem- 

45 perature of a high temperature growth single crystal 
ZnO layer higher than the growth temperature of the low 
temperature growth ZnO layer; and growing a high tem- 
perature growth single crystal ZnO layer on the low tem- 
perature growth ZnO layer at a temperature higher than 

so the growth temperature of the low temperature growth 
ZnO layer. 

[0016] Single crystal ZnO having good crystallinity 
can be grown on a sapphire substrate. 

55 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0017] 

Fig. 1 is a cross sectional view of an MBE system to 
be used for performing a crystal growth method 
according to a first embodiment of the invention. 
Fig. 2 shows a lamination structure of sapphire sub- 
strate/low temperature growth ZnO buffer layer/high 
temperature growth ZnO single crystal layer, 
formed by the crystal growth method of the first 
embodiment 

Fig. 3 is a graph showing a relation between a Zn 
partial pressure and a growth speed of a ZnO sin- 
gle crystal layer grown at a high growth temperature 
of 650 °C. 

Fig. 4 is a graph showing XRC measurement 
results of a high temperature growth ZnO single 
crystal layer in a lamination structure of sapphire 
substrate/low temperature growth ZnO buffer 
layer/high temperature growth ZnO single crystal 
layer, formed by the crystal growth method of the 
first embodiment: 

Fig. 5 is a graph showing PL measurement results 
of a high temperature growth ZnO single crystal 
layer in the lamination structure of sapphire sub- 
strate/low temperature growth ZnO buffer layer/high 
temperature growth ZnO single crystal layer, 
formed by the crystal growth method of the first 
embodiment. 

Fig. 6 is a schematic cross sectional view showing 
the structure of a semiconductor light emitting 
device (LED) according to a second embodiment of 
the invention. 

Fig. 7 shows XRC measurement results of a ZnO 
single crystal layer in a lamination structure of sap- 
phire substrate/low temperature growth ZnO buffer 
layer/high temperature growth ZnO single crystal 
layer, formed by a conventional growth method. 
Fig. 8 shows PL measurement results of a high 
temperature growth ZnO single crystal in the lami- 
nation structure of sapphire substrate/low tempera- 
ture growth ZnO buffer layer/high temperature 
growth ZnO single crystal layer, formed by the con- 
ventional growth method. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0018] Embodiments of the invention will be 
described with reference to the accompanying draw-' 
ings. 

[001 9] A "growth temperature of a low temperature 
growth ZnO layer" defined in this specification is gener- 
ally a temperature lower by about 1 00 °C to about 400 
°C than a growth temperature at which ZnO single crys- 
tal is grown, e.g., a temperature in a range from about 
200 °C to about 600 °C. A "growth temperature of a high 



* temperature growth single crystal ZnO layer* is gener- 
ally a growth temperature suitable for growing ZnO sin- 
gle crystal, higher than the "growth temperature of the 
low temperature growth ZnO layer" and lower than 800 

5 °C, e.g., 650 °C. 

[0020] With reference to Figs. 1 and 2, a method of 
growing group ll-VI compound semiconductor single 
crystal according to a first embodiment of the invention 
will be described. 

w [0021] As one example of a system for growing 
group ll-VI compound semiconductor single crystal, a 
crystal growth system using radical source molecular 
beam epitaxy (RS-MBE) (hereinafter called an "RS- 
MBE system") is shown in Fig. 1 . 

is [0022] The RS-MBE system A has a chamber 1 in 
which crystal is grown and a vacuum pump P for main- 
taining the inside of the chamber 1 in an ultra high vac- 
uum state. 

[0023] The chamber 1 has a Zn port 1 1 for evapo- 
20 rating Zn, an O radical port 21 for radiating O radicals, 
and an N radical port 31 for radiating N radicals. 
[0024] The Zn port 1 1 has a Knudsen cell (hereinaf- 
ter called a K cell) 17 for accommodating Zn source 
material (purity: 7N) 15 and heating and evaporating it, 
25 and a shutter Sj. 

[0025] The O radical port 21 jets out O radicals into 
the MBE chamber 1 , the O radicals being generated by 
introducing oxygen source gas into an electrodeless 
discharge tube and applying high frequency waves 
30 (13.56 MHz). An orifice S 2 is formed through which an O 
radical beam passes. 

[0026] The N radical port 31 jets out N radicals into 
the MBE chamber 1, the N radicals being generated by 
introducing nitrogen source gas into an electrodeless 
35 discharge tube and applying high frequency waves 
" (13.56 MHz). A shutter S3 is formed through which an N 
radical beam passes. 

[0027] The radical ports 21 and 31 have the struc- 
ture that an induction coil is wound about the outer sur- 
40 face of the discharge tube mounted in an outer shield 
tube. 

[0026] A substrate holder 3 and a heater 3a are 
mounted in the chamber 1 . The substrate holder 3 holds 
a sapphire substrate S which is used as an underlie of 

45^ grown crystal. The heater 3a heats the substrate holder 
3. A temperature of the sapphire substrate S can be 
measured with a thermostat 5. The substrate holder 3 
can be moved by a manipulator 7 using bellows. 
[0029] The chamber 1 has a gun 41 of a reflection 

50 electron beam diffraction apparatus (RHEED appara- 
. ,tus) for monitoring a grown crystal layer, and a screen 
55 of the RHEED apparatus. By using the gun 41 and 
screen 55 of the RHEED apparatus, crystal can be 
grown in the MBE system A by monitoring the crystal 

55 growth state (growth amount, quality of a grown crystal 
layer). 

[0030] A temperature of crystal growth, a thickness 
of a grown crystal layer, a vacuum degree in the cham- 
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ber, and the like can be properly controlled by a control- 
ler C. 

[0031] Processes of growing ZnO on the sapphire 

substrate S will be described in detail. 

[0032] Crystal growth is performed by RS-MBE 

while the open/close of the shutters Si to S 3 is property 

controlled. 

[0033] RF-MBE using RF waves is used as a 
method of generating source radicals. O radicals are 
generated by introducing O2 source gas into the elec- 
trodeless discharge tube and using high frequency 
waves at 13.56 MHz. O radicals are jetted out into the 
MBE chamber 1 in a high vacuum state as an O radical 
beam. By radiating the O radical beam and a Zn beam 
from the K cell upon the sapphire substrate S at the 
same time, a ZnO thin film can be grown. 
[0034] Fig. 2 shows the outline of a semiconductor 
crystal structure according to the embodiment. 
[0035] A ZnO buffer layer 1 01 is formed on a sap- 
phire (0001) substrate S, and a ZnO single crystal layer 
105 is formed on the ZnO buffer layer 101. 
[0036] Processes of forming the structure shown in 
Fig. 2 will be described briefly. 
[0037] First, ZnO is grown on the sapphire sub- 
strate S at a low growth temperature under the Zn rich 
condition. In the state that O radicals are radiated, the 
substrate temperature is raised to a general growth tem- 
perature suitable for growing ZnO single crystal. This 
state is maintained, for example, about 20 minutes. This 
high temperature process planarizes the surface of the 
low temperature growth ZnO layer. In this manner, the 
buffer layer 101 is formed. The ZnO single crystal layer 
105 is grown on this buffer layer 101 . 
[0038] The buffer layer 101 relaxes a lattice mis- 
match and a large thermal expansion coefficient differ- 
ence between the sapphire substrate S and ZnO single 
crystal layer 105, the lattice mismatch being caused by 
a large difference of a lattice constant between the sub- 
strate S and ZnO single crystal layer. The buffer layer 
101 therefore prevents crystal strain from entering the 
ZnO single crystal layer 1 05. 

[0039] The surface states of ZnO buffer layers 101 
were observed through atomic force microscopy (AFM). 
[0040] The surface of a buffer layer 101 grown 
under the Zn rich condition was compared with the sur- 
face of a buffer layer 101 grown under the O rich condi- 
tion. 

[0041] Zn rich ZnO crystal is represented by ZnO<|_ 
x where x is smaller than 1 . 

[0042] Flatness of the surface of a ZnO buffer layer 
101 grown under the Zn rich condition is improved more 
than that of the surface of a ZnO buffer layer grown 
under the O rich condition, as viewed through AFM. The 
low temperature growth ZnO buffer layer grown either 
underthe O rich condition or underthe Zn rich condition 
is single crystal having grain boundaries. 
[0043] The details of the crystal growth method are 
given in the following. 



[0044] The (0001 ) plane of the sapphire substrate S 
was wet-etched for 60 minutes in solution of H 3 P0 4 : 
H 2 S0 4 =1:3. 

[0045] After this surface processing, the sapphire 
5 substrate S was mounted on the substrate holder 3 (Fig. 
1). 

[0046] The surface of the substrate S was proc- 
essed for one hour by oxygen plasma in the MBE sys- 
tem, under the conditions of a substrate temperature of 

10 550 °C, an oxygen flow rate of 2 seem and an RF power 
of 150 W. With this surface processing of the sapphire 
substrate S in the MBE system, the surface of the sap- 
phire substrate S was cleaned. 
[0047] After this surface processing of the sapphire 

15 substrate, the buffer layer 1 01 was grown under the low 
temperature and Zn rich condition (low growth tempera- 
ture ZnO layer), as different from the growth condition of 
a general single crystal ZnO substrate. The partial pres- 
sure of Zn was introduced at 2.7 x 1 0' 7 Torr. 

20 [0048] RF plasma source of O was used as an oxy- 
gen beam source. Pure oxygen (purity: 6N) gas was 
introduced into the O radical port 21 to generate O rad- 
icals by using an RF oscillation source. 
[0049] The oxygen gas source was introduced at a 

25 flow rate of 1 .5 seem under the conditions of an oxygen 
partial pressure of 5 x 10" 5 Torr in the chamber and an 
RF power of 300 W. The growth temperature was set in 
a range from 300 °C to 600 °C. The thickness of the 
buffer layer was set in a range from 1 0 nm to 100 nm. 

30 [0050] The oxygen partial pressure was measured 
with a nude ion gauge mounted on the substrate holder 
(at the growth position). 

[0051] Fig. 3 is a graph showing the relation 
between a Zn partial pressure (Pzn) and a growth tem- 
35 perature at a substrate temperature Tg of 650 °C. N 2 
was flown at 2 seem, and the RF output was 300 W. The 
Zn partial pressure was changed from 1.3 x 10" 7 Torr to 
2.7 x10' 7 Torr. 

[0052] As the Zn partial pressure was increased 

40 from 1 .3 x 1 0' 7 Torr to 2. 1 5 x 1 0" 7 Torr, the ZnO growth 
speed was increased from 0.10 jim/hr to 0.26 nm/hr. 
The ZnO growth speed in the Zn partial pressure range 
from 2.1 5 x 1 0' 7 Torr to 2.7 x 1 0' 7 Torr took an approxi- 
mately constant value in a range from 0.26 u.m/hr to 

45 0.27 um/hr. 

[0053] After the low temperature growth ZnO buffer 
layer was grown, a process of planarizing the surface of 
the buffer layer was performed. As this planarizing proc- 
ess, a heat treatment was performed during a period in 

50 a range from 2 minutes to 60 minutes, at a high temper- 
ature capable of growing single crystal, e.g., 650 °C. 
The low temperature growth ZnO buffer layer 101 is 
considered as single crystal having grain boundaries, 
each grain being ep'rtaxially grown to have the same ani- 

55 sotropy. Surface irregularity observed through AFM may 
be ascribed to such grain boundaries. 
[0054] It can be considered that the heat treatment 
of the low temperature grown ZnO buffer layer results in 



4 



>: <EP 1031256A2J_> 




EP1 081 



solid-state growth of single crystal in each grain, which 
increases the grain size and pianarizes the surface. 
[0055] The surface of the buffer layer grown under 
the Zn rich condition has smaller initial irregularity than 
the surface of the buffer layer grown under the O rich 5 
condition, so that a very flat surface is likely to be 
obtained by the planarizing process. As a ZnO layer is 
grown at a high temperature on the low temperature 
growth ZnO layer having a very flat surface, a single 
crystal ZnO layer having good crystallinity is likely to be w 
formed. 

[0056] The temperature at which a low temperature 
growth ZnO is grown is preferably set in a range from 
200 °C to 600 °C. 

[0057] The low temperature ZnO buffer layer has a 75 
small grain size in an as-grown state and grain bounda- 
ries can be observed so that it looks like potycysta! 
through AFM observation. However, it shows single 
crystal characteristics through X-ray diffraction or 
RHEED. 20 
[0058] This phenomenon can be observed during 
the growth of GaN and ZnO. Surface planarization may 
be ascribed to that as the low temperature growth ZnO 
buffer layer is subjected to a high temperature heat 
treatment, irregularity caused by grain boundaries 25 
grows similar to the case of solid-state growth and the 
surface is planarized. If single crystal ZnO is grown on 
an irregular surface of ZnO, crystallinity of the grown 
single crystal is not good as from past experiences. 
[0059] Next, a single crystal ZnO layer (high tern- 30 
perature growth ZnO single crystal layer) was grown on 
the planarized low temperature growth ZnO buffer layer. 
[0060] The growth conditions were a substrate tem- 
perature of 650 °C and a pressure of 8.0 x 1 0* 5 Ton* dur- 
ing introducing Zn (7N). The oxygen gas source was 35 
introduced at a flow rate of 2.0 seem under the condi- 
tions of an oxygen partial pressure of 8 x 1 0" 5 Ton* in the 
chamber and an RF power of 300 W. 
[0061] The high temperature growth ZnO single 
crystal layer was 1 um in thickness. 40 
[0062] The high temperature growth ZnO single 
crystal layer is grown preferably under the conditions of 
a growth temperature from 600 °C to 800 °C and a 
growth time from 2 minutes to 60 minutes. 
[0063] The crystallinity of high temperature growth 45 
ZnO single crystal layers grown under the above- 
described conditions were evaluated. 
[0064] Fig. 4 shows XRC measurement results. 
[0065] The peak value was 17.35° same as that 
shown in Fig. 7. The full width at half maximum was so 
0.06° (216 arcsec) which was about 1/8 of that (0.5°) of 
ZnO grown under the conventional conditions illustrated 
in Fig. 7. This great reduction in the full width at half 
maximum may be ascribed to improved crystallinity of 
the high temperature growth ZnO single crystal layer 55 
grown at a high temperature on the planarized low tem- 
perature growth ZnO buffer layer. 
[0066] Fig. 5 shows PL spectra of the ZnO single 
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crystal layer. 

[0067] A sharp peak was observed at an energy of 
3.359 eV. The broad peak of the ZnO single crystal in a 
range from 1 .8 eV to 2.7 eV shown in Fig. 8 and grown 
on a substrate without the low temperature growth ZnO 
buffer layer, was not observed. This may be ascribed to 
reduction of radiation at a deep level existing in the for- 
bidden band of the ZnO layer and hence to greatly 
improved crystallinity. 

[0068] If many crystal defects are introduced into 
ZnO crystal, the ZnO crystal has a strong n-type con- 
ductivity even if impurities are not doped. The high tem- 
perature growth ZnO single crystal grown by the above- 
described crystal growth method has only a small 
number of crystal defects. ZnO single crystal showing a 
p-type conductivity can also be realized which is difficult 
to be formed by the conventional crystal growth method. 
Since the number of crystal defects forming non-radia- 
tive centers is reduced considerably, it can be consid- 
ered that a radiation efficiency is very high. 
[0069] An LED having a p-n junction made of p-type 
semiconductor ZnO doped with N impurities and n-type 
semiconductor ZnO doped with Ga impurities can be 
realized. 

[0070] Fig. 6 is a cross sectional view showing the 
structure of an LED having a p-n junction made of p- 
type semiconductor ZnO doped with N impurities and n- 
type semiconductor ZnO doped with Ga impurities. 
[0071] An LED shown in Fig. 6 has: a sapphire sub- 
strate 301 ; a non-doped low temperature growth ZnO 
buffer layer 305 grown at a low temperature on the sap- 
phire substrate 301 and having a thickness of 100 nm; 
an n-type (Ga doped to 1 x 10 18 cm" 3 ) high temperature 
growth ZnO single crystal layer 31 1 formed on the buffer 
layer 305 and having a thickness of 1 nm; and an N- 
doped p-type high temperature growth ZnO single crys- 
tal layer 315 formed on the single crystal layer 31 1 and 
having a thickness of 100 nm. 

[0072] The n-type ZnO layer 31 1 is electrically con- 
nected to a first electrode 321 . 
[0073] Instead of forming the n-type ZnO layer 
doped with Ga, a group III element such as Al may also 
be doped. 

[0074] The N-doped p-type ZnO layer 315 is pat- 
terned in an island shape. The island-shaped p-type 
ZnO layer 315 is covered with an insulating film 318 
made of, for example, Si 3 N 4 . An opening having a 
shape, for example, generally a circular cross section, is 
formed through the insulating film 318, exposing the 
upper surface of he p-type ZnO layer 315. 
[0075] A second electrode 325 of a ring shape is 
formed in the upper peripheral area of the p-type ZnO 
layer 31 5. At least a partial area of the bottom surface of 
the ring second electrode 325 is made in contact with 
the upper peripheral area of the p-type ZnO layer 315. 
The outer radial portion of the second electrode 235 of 
the ring shape has a structure riding upon the insulating 
film 31 8. 
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[0076] Forward current flows through the p-n junc- 
tion of the LED having the structure described above, 
when a positive voltage Is applied to the first electrode 
321 relative to the second electrode 235. Radiative 
recombination occurs between minority carriers (elec- 
trons) and majority carriers (holes) injected into the p- 
type ZnO layer 315. When electrons and holes are 
recombined, light having an energy approximately equal 
to the energy gap of the forbidden band is radiated from 
the opening. Namely, electric energy was transformed 
into optical energy. 

[0077] With this operation, light having a wave- 
length of, for example, about 370 nm, is emitted from the 
opening in the ring second electrode 235 of LED. 
[0078] In this embodiment, LED is used as an 
example of the semiconductor device using the p-n 
junction of the p-type ZnO layer and n-type ZnO layer. A 
laser may be formed by a combination of the p-type ZnO 
layer and n-type ZnO layer. Obviously, this combination 
may be used for other electronic devices such as FETs 
and bipolar transistors, other optical components, and 
semiconductor devices made of a combination of elec- 
tronic devices and optical components. 
[0079] Semiconductor crystals and semiconductor 
devices may be made of three- or four-element com- 
pound crystal of ZnO series including ZnO single crystal 
having good crystallinity. 

[0080] The present invention has been described in 
connection with the preferred embodiments. The inven- 
tion is not limited only to the above embodiments. Crys- 
tal growth conditions and other process parameters 
may be selected in various ways. It is apparent that var- 
ious modifications, improvements, combinations, and 
the like can be made by those skilled in the art. 

Claims 

1. A ZnO crystal growing method comprising the 
steps of: 

growing a low temperature growth ZnO layer on 
a sapphire substrate at a temperature lower 
than a single crystal ZnO growth temperature; 
thermally processing the low temperature 
growth ZnO layer at a temperature near to a 
growth temperature of a high temperature 
growth single crystal ZnO layer higher than the 
growth temperature of the low temperature 
growth ZnO layer; and 

growing a high temperature growth single crys- 
tal ZnO layer on the low temperature growth 
ZnO layer at a temperature higher than the 
growth temperature of the low temperature 
growth ZnO layer. 

2. A ZnO crystal growing method according to claim 1 , 
wherein said step of growing the low temperature 
growth ZnO layer is a process of growing ZnO sin- 



gle crystal at a temperature in a range from 200 °C 
to 600 °C. 

3. A ZnO crystal growing method according to claim 1 , 
5 wherein said step of thermally processing the low 

temperature growth ZnO layer at the temperature 
near to the growth temperature of the high temper- 
ature growth single crystal ZnO layer is a process of 
thermally processing the low temperature growth 
w ZnO layer at a temperature in a range from 600 °C 
to 800 °C during a period in a range from 2 minutes 
to 60 minutes. 

4. A ZnO crystal growing method according to claim 1 , 
is wherein said step of growing the low temperature 

growth ZnO layer is a process of growing ZnO sin- 
gle crystal at a temperature in a range from 200 °C 
to 600 °C, and said step of thermally processing the 
low temperature growth ZnO layer at the tempera- 

20 ture near to the growth temperature of the high tem- 
perature growth single crystal ZnO layer is a 
process of thermally processing the low tempera- 
ture growth ZnO layer at a temperature in a range 
from 600 °C to 800 °C during a period in a range 

25 from 2 minutes to 60 minutes. 

5. A ZnO crystal growing method according to claim 1 , 
wherein said step of growing the low temperature 
growth ZnO layer is a gas-phase growth precess 

30 under a Zn rich condition. 

6. A ZnO crystal structure comprising: 

a sapphire substrate; 

35 a low temperature growth ZnO single crystal 

layer formed on said sapphire substrate and 
subjected to a surface pianarizing process; and 
a high temperature growth ZnO single crystal 
layer formed on said low temperature growth 

40 ZnO single crystal layer. 

7. A ZnO crystal structure according to claim 6, 
wherein said low temperature growth ZnO single 
crystal layer is grown at a temperature lower than 

45 600 °C, and said high temperature growth ZnO sin- 
gle crystal layer is grown at a temperature higher 
than the temperature for said low temperature 
growth ZnO single crystal layer and lower than 800 
°C. 

50 

8. A ZnO crystal structure according to claim 6, 
wherein a thickness of said low temperature growth 
ZnO single crystal layer is in a range from 10 nm to 
100 nm. 

55 

9. A ZnO crystal structure according to claim 6, 
wherein said low temperature growth ZnO single 
crystal layer is grown at a temperature lower than 
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600 °C, said high temperature growth ZnO single 
crystal layer is grown at a temperature higher than 
the temperature for said low temperature growth 
ZnO single crystal layer and lower than 800 °C, and 
a thickness of said low temperature growth ZnO 5 
single crystal layer is in a range from 10 nm to 1 00 
nm. 

10. A ZnO crystal structure according to claim 6, 
wherein said high temperature growth ZnO single w 
crystal layer is a ZnO layer having an n-type con- 
ductivity doped with Ga or AL 

11. A ZnO crystal structure according to claim 6, 
wherein said high temperature growth ZnO single 75 
crystal layer is a ZnO layer having a p-type conduc- 
tivity doped with N. 

12. A semiconductor device comprising: 

20 

a sapphire substrate; 

a low temperature growth ZnO single crystal 
layer formed on said sapphire substrate and 
subjected to a surface plan arizing process; and 
a high temperature growth ZnO single crystal 25 
layer formed on said low temperature growth 
ZnO single crystal layer, said high temperature 
growth ZnO single crystal layer having a p-n 
junction made of a ZnO layer having an n-type . 
conductivity doped with Ga or Al and a ZnO 30 
layer having a p-type conductivity doped with 
N. 

13. A semiconductor device according to claim 12, 
wherein the ZnO layer having the n-type conductiv- 35 
ity is used as an optical surface. 

14. A semiconductor device according to claim 12, 
wherein the ZnO layer having the p-type conductiv- 
ity is used as an optical surface. 40 



45 



50 



55 



7 

BNSDOCID: <EP 1081256A2J_> 



EP 1 081 256 A2 




BNSDOaD: <EP 10B1256A2J_> 



EP 1 081 256 A2 



FIG. 2 




105 



101 



BNSDOCID: <EP 1081256A^L> 



9 





FIG. 4 




t t i | r i i i i | i i » » t p t i » i | t » » i i | ' ' \ i » | » i » » i | «'« ' t » | ' > > « ' ) ' ' 1 ' 

17.20 17.3 0 1 7.4 0 1 7.5 0 1 7.6 0 



Omeg a (Oeg re e ) 



10 



EP 1 081 256 A2 



FIG. 5 



CO 

c 



T = 4.2K 
Eg = 3.359:eV 
Full width at half maxima = 8 meV 



-j i : L- 



•1.5 



2.0 2.5 

Energy ( e V) 



3.0 



3.5 



FIG. 6 




11 



EP 1 081 256 A2 



FIG. 8 



I I i 1 | 1 I I 

T=UK 



» 1 i i 



>» 
-M 

CO 
C 
CD 
-M 
C 

-J 




1.5 



2.0 2.5 

Energy (eV) 



3.0 



BNSOOCID: <EP 1081256A2_I_> 



13 



(19) 



J 



Sisches Patentamt 
European Patent Office 
Office europeen des brevets 




(12) 



(11) EP 1 081 256 A3 

EUROPEAN PATENT APPLICATION 



(88) Date of publication A3: 

28.01.2004 Bulletin 2004/05 

(43) Date of publication A2: 

07.03.2001 Bulletin 2001/10 

(21) Application number 00118859.8 

(22) Date of filing: 31 .08.2000 



(51) mtci7: C30B 29/16, C30B 23/02, 
H01L 33/00 



(84) Designated Contracting States: 


(72) Inventors: 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• Sano, Mlchihiro, Stanley Electric Co., Ltd 


MC NL PT SE 


Tokyo (JP) 


Designated Extension States: 


• Yao, Takafumi, 


AL LT LV MK RO SI 


Institute Materials Res. Tohoku Uni 




Sendai-shi, Miyagi (JP) 


(30) Priority: 31.08.1999 JP 24522099 






(74) Representative: Wagner, Karl H., Dipl.-lng. 


(71) Applicants: 


WAGNER & GEYER 


• Stanley Electric Co., Ltd. 


Patents nwalte 


Meguro-ku Tokyo 1 53-8636 (JP) 


GewurzmUhlstrasse 5 


• Yao, Takafumi 


80538 Munchen (DE) 


Sendai-shi, Miyagi (JP) 





(54) ZnO crystal growth method, ZnO crystal structure, and semiconductor device using ZnO 
crystal 



(57) A ZnO crystal growing method having the steps 
of: growing a low temperature growth ZnO layer on a 
sapphire substrate at a temperature lower than a single 
crystal ZnO growth temperature; thermally processing 
the low temperature growth ZnO layer at a temperature 
near to a growth temperature of a high temperature 
growth single crystal ZnO layer higher than the growth 
temperature of the low temperature growth ZnO layer; 



and growing a high temperature growth single crystal 
ZnO layer on the low temperature growth ZnO layer at 
a temperature higher than the growth temperature of the 
low temperature growth ZnO layer. ZnO crystal of good 
quality with a reduced number of crystal defects can be 
grown on a sapphire substrate. 



CO 
< 
CD 

to 

CM 

^- 
00 

o 



LU 



Printed by Jouve, 75001 PARIS (FH) 



BNSDOCID: <EP 1081256A3_L> 



EP 1 081 256 A3 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 08 11 8859 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Cadogory 



P,X 



Citation of document with indication, where appropriate, 
of relevant passages 



SAKURAI K ET AL: "GROWTH OF ZNO BY 
MOLECULAR BEAM EPITAXY USING N02 AS OXYGEN 
SOURCE" 

JAPANESE JOURNAL OF APPLIED PHYSICS, 

PUBLICATION OFFICE JAPANESE JOURNAL OF 

APPLIED PHYSICS. TOKYO, JP, 

vol. 38, no. 4B, April 1999 (1999-04), 

pages 2606-2608, XP000923673 

ISSN: 0021-4922 

"Experimental" and "Results and 
Discussion" 

I WAT A K ET AL: "Improvement of electrical 
properties in ZnO thin films grown by 
radical source (RS)-MBE" 
THIRD INTERNATIONAL SYMPOSIUM ON BLUE 
LASER AND LIGHT EMITTING DIODES (ISBLLED 
2000), ZEUTHEN, GERMANY, 5-10 MARCH 2000, 
vol. 180, no. 1, pages 287-292, 
XP009021918 

Physica Status Solidi A, 16 July 2000, 
Wiley-VCH, Germany 
ISSN: 0031-8965 
experimental 

-/-- 



The pres.nl seare h report has been drawn up for all claims 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION tlntCL7) 



1,2,6-14 



C30B29/16 
C30B23/02 
H01L33/G0 



1,2,6-14 



TECHNICAL FIELDS 
SEARCHED (lnLCI.7) 



C30B 
H01L 



Place d search 

MUNICH 



3a£e ct compact on o\ the search 

26 November 2003 



Mauger, J 



CATEGORY OF CfTED DOCUMENTS 

X : particu tarty relevant if taken alone 

Y : particularly relevant if combined wcth another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but publahed on, or 

after the filing date 
O : document cited in the application 
L: document cited for other reasons 

& ': merrtoer of the same paten, family, oorre&poncfing 



2 



1031256A3 I _> 



EP 1 081 256 A3 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 80 11 8859 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (tntCL7) 



0HT0M0 A ET AL: "Fabrication of alloys 
and superlattices based on ZnO towards 
ultraviolet laser 0 
4TH INTERNATIONAL WORKSHOP ON OXIDE 
ELECTRONICS, COLLEGE PARK, MD, USA, 8-9 
DEC. 1997, 

vol. 56, no. 2-3, pages 263-266, 
XP602262905 

Materials Science & Engineering B 
(Solid-State Materials for Advanced 
Technology), 6 Nov. 1998, Elsevier, 
Switzerland 
ISSN: 0921-5107 

* the whole document * 

FONS P ET AL: "Growth of high-quality 

epitaxial ZnO films on alpha-A1203 M 

JOURNAL OF CRYSTAL GROWTH, NORTH-HOLLAND 

PUBLISHING CO. AMSTERDAM, NL, 

vol. 201-202, May 1999 (1999-05), pages 

627-632, XPO04 175282 

ISSN: 0022-0248 

* the whole document * 

EP 0 863 555 A (JAPAN SCIENCE & TECH CORP) 
9 September 1998 (1998-09-O9) 

* claims; figure 31 * 



1-14 



1-14 



TECHNICAL FIELDS 
SEARCHED (lnLCL7) 



1-14 



The present search report has been drawn up for all claims 



Rods of search 

MUNICH 



Dato of como'otion ot the search 

26 November 2003 



Examiner 

Mauger, J 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant if taken alone 

Y : particularly relevant if combined with another 

document of the came category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but pub fished on, or 

after the filing date 
D : document cited in the application 
L : document cited for other reasons 



& : member of the same patent family, corresponding 
document 



8NSDOCID: <EP 1081256A3J_> 



3 



EP 1 081 256 A3 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 69 11 8859 



This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report. 
The members are as contained in the European Patent Office EDP tile on 

The European Patent Otfioe is in no way liable for these partioulare which are merely given for the purpose ol mlormation. 

26-11-2003 



Patent document 
cited in search report 



Publication 
date 



Patent lamily 
members) 



Publication 
date 



EP 0863555 



09-09-1998 



B2 
A 



RU 
US 



2996928 

10256673 

3380422 82 

10270749 A 

0863555 A2 

2169413 C2 

6057561 A 



& For more details about this annex : see Official Journal ol the European Patent Office, No. 1 2/82 



11-01-2000 
25-09-1998 
24-02-2003 
09-10-1998 
09-09-1998 
20-06-2001 
02-05-2000 



BNSDOCID: <EP 1081256A3J_> 



